Strains of several genetically important Streptomyces species and four strains of Nocardia mediterranei were screened for nutritional properties by using 150 different organic compounds. The methodology for an extensive nutritional analysis of actinomycetes is described, and the results are discussed on the basis of their taxonomic and ecological implications.
Preparation of inocula for the nutritional screening. The cultures were grown on agar plates of a variety of culture media, including the medium of Hickey and Tresner (4), tomato medium, Thermoactinomyces fermentation medium, Difco ISP no. 2, and yeast-malt medium [tomato medium: tomato paste, 2%; glucose, 1% K2HPOr, 0.1%; CaC03, 0.2% agar, 1.5%; pH 6.8 to 7.3. Thmactinomyces fermentation medium: tryptone (Difco), 5 g; yeast extract, 2 g; Soytone (Difco), 2 g; white potato dextrin (soluble starch), 10 g; D-mannitol, 5 g; MgSO4, 0.2 g; ferrous ammonium sulfate, 10 mg; ZnCIP, 2.1 mg; MnC12, 1.8 mg; CuSO4, 0.2 mg; Co(N03)2, 0.5 mg; H3B03, 0.6 mg; distilled water, 1 liter; pH 7.2. Yeast-malt medium: yeast extract, 0.3%; malt extract, 0.3%; peptone, 0.5%; glucose, 1%; agar 2%; pH 6.7 to 7.8.1 Spores, or vegetative growth in cases of poor sporulation, were harvested with an inoculating loop, and suspended in sterile distilled water. The suspensions were washed, and one drop of each suspension of washed cells was used as inoculum of the agar media, each of which contained a single carbon source.
Nutritional screening. The basal mineral medium described by Palleroni and Doudoroff (8) was used in all cases. This medium contains 0.033 M phosphate buffer (Na-K) (pH 6.8), 0.1% NH4Cl, 0.05% MgS04 . 7&0, 0.005% ferric ammonium citrate, and 0.0005% CaCh. For strain h, this medium was supplemented with cystine, methionine, and threonine (50 pg of each per ml). The medium was solidified with 2% purified agar (Difco). A total of 150 organic compounds were tested for their capacity to serve as carbon and energy sources for growth. Each carbon source was added aseptically from a. filter-sterilized concentrated solution to a portion of sterile basal mineral agar, to a final concentration of 0.1%. Exceptions were geraniol and naphthalene, which were not incorporated into the agar, but placed instead in the lid of the petri dish.
Various strains of actinomycetes can attack agar to a certain extent, and give appreciable growth in media without an added carbon source. The purified brand of agar gave a minimum background growth, but, even so, one of our strains (S. coelicolor strain a ) grew noticeably more than the others in the unsupplemented medium. For this strain, the data obtained on the agar medium were rechecked by growth in liquid medium. The medium was dispensed in fractions of 10 ml in 50-ml Erlenmeyer flasks.
The inoculated media were incubated at 28°C. The flasks with liquid media were shaken with vigorous All growth experiments were repeated at least once more for those compounds giving questionable growth.
All strains were tested for autotrophic growth in mineral medium in contact with an atmosphere of 52% hydrogen, 8% oxygen, 5% carbon dioxide, and 35% nitrogen gases.
RESULTS
The compounds utilized by all strains for growth were the following: glucose, mannose, fructose, maltose, lactose, starch, gluconate, succinate, fumarate, L-malate, citrate, a-ketoglutar- Table 3 for correct identification of strains.
the ability of different species of actinomycetes to utilize carbon compounds for growth. The early method was later changed by various workers mainly with respect to the composition of the basal medium and the precautions recommended to insure a uniform distribution of the inoculum. At present, two different criteria are followed by actinomycete taxonomists for the investigation of the utilization of various lowmolecular-weight organic compounds. Many microbiologists follow the methods used by collaborators of the International Streptomyces Project (12). These methods include the so-called carbon utilization tests in which growth on 10 carbohydrates is determined. Other workers prefer to follow instead the methodology recommended by Gordon (3) in which the change in color of an indicator added to the medium rather than growth is recorded. The two methodologies are not mutually exclusive, and it is therefore surprising that some eclectic temperament has not emerged so far, particularly when the taxonomy of the group is one of the most difficult in the microbial world and microbiologists should, in principle, welcome any well founded source of phenotypic information.
The list of compounds proposed by Gordon includes some organic acids and carbohydrates. The utilization of an organic anion makes the medium more alkaline. A survey on the utilization of six organic acids, based in part on the Gordon methodology, was performed on 118 organisms by Robbel and Kutzner (11). Transformations of sugars generally give an acid reaction to the medium. Both reactions have been used extensively in the identification and classifkation of other microbial groups, and they are very clear, sensitive, easy to read, and generally very reproducible. The two reactions differ, however, in the type of information that they give. Whereas an alkaline reaction in the medium gives a sensitive indication of the utilization of the organic anion, acid production from sugars is not necessarily correlated with the utilization of the carbon compound. For instance, an organism may be able to oxidize a sugar to a sugar acid without extracting any benefit from the conversion, or it may degrade rather extensively the carbohydrate, producing one or several acids with better chances of utilizing the intermediates for growth. It is true that the practical taxonomist does not need to worry about these complications, since in most cases there is no need of a thorough understanding of the mechanisms underlying the phenotypic traits, as long as the detection and recording of the results are free of ambiguities. There is, however, a serious objection to the value of the test in the possibility of oxidation of various aldose sugars to the respective aldonic acids by the same enzymatic system. When used blindly for any collection of aldosugars, the test can therefore yield redundant results in some cases.
One of the few attempts at extensive nutritional characterization of strains of actinomycetes has been the work of Goodfellow (2), who studied the capacity of a large number (102) of carbon compounds to serve as growth substrates of a collection of nocardioform organisms. The methodology presented here for the extensive analysis of nutritional properties of actinomycetes has been found to be quite reliable. Since roughly one-third of the compounds assayed are acids, the method could be further improved by incorporation of an appropriate acid-base indicator to the media containing anionic substrates.
A number of strains do not replicate satisfactorily with the velvet technique of Lederberg and Lederberg (7), and we have not attempted to use it in the present case, since the number of strains under study was small. For larger numbers, it may be possible to speed up considerably the inoculation of the plates by the method of replica plating, using well sporulated master cultures.
Some Streptomyces strains give appreciable growth in agar of mineral media without added carbon sources. Additional growth over this background is often very dflicult to judge, although a trained eye can discern growth due to the added carbon source in the great majority of cases. In the group of strains examined by us, S.
coelicolor strain a presented this problem in its most acute form. Hopwood ( 5 ) mentions that this strain [originally designated A3(2)] is derived from a group of agar-decomposing organisms studied by Stanier in 1942. For this strain the whole screening was repeated in liquid medium, and the results were essentially the same as those obtained with the solid medium. The only significant discrepancies were in the utilization of D-alanine, D-aspartate, and citrate, all of which gave better growth in solid than in liquid medium. Strain h of this collection is derived from strain a, and it is characterized by the inability to decompose agar. Consequently, it only gives a faint marginal growth in our control plates. As indicated in Materials and Methods, the mineral medium for this particular strain has been supplemented with cystine, methionine, and threonine, which satisfy its auxotrophic requirements. This strain has essentially the same nutritional spectrum as its parent strain a, although there are a few differences which are apparently unrelated to the properties recorded in its known genotype. The strains examined by us are only moderately versatile, the total number of compounds used for growth ranging from about 50 to nearly 80. The groups of compounds that are most frequently used are the carbohydrates and the amino acids. The utilization of other classes of substrates is rather irregular and, characteristically, many fatty acids, alcohols, aromatic compounds, and miscellaneous nitrogenous compounds did not support growth of any of the strains examined. Some substrates (particularly some aliphatic acids and aromatic compounds) may actually be toxic at the concentration used in the media, as suggested by the inhibition of background growth of strain a when one compares growth on these compounds with that obtained on the unsupplemented mineral agar.
Unpublished results obtained by us on a larger collection of strains of Streptomyces and of other genera of actinomycetes suggest that the nutritional versatility is in general very similar to that of the strains examined here. In comparison, some aerobic pseudomonads, notably some fluorescent organisms and also Pseudomonas cepacia and P. pseudomallei, appear to be more versatile (1, 10, 13) . These organisms, which are endowed with a fast growth rate, would predominate in the soil microflora when low-molecularweight organic compounds are being released as a consequence of the hydrolytic activities of other microorganisms, particularly fungi and actinomycetes.
Actinomycetes have a reputation for marked nutritional versatility which is in part supported by the results of our analysis, although it appears rather surprising that some classes of organic compounds that are excellent substrates for other common organisms do not support growth of any of the strains in this collection. Extremely slow growth at the expense of some substrates may be recorded as a negative result in our experiments. It is possible that some substrates may be used when they are present in the medium at higher or lower concentrations than the one used here, or in mixtures with other cometabolizable carbon sources. But it also appears likely that actinomycetes may be able to grow on a number of unusual compounds not normally included in nutritional tests. A large variety of miscellaneous organic molecules resistant to the attack by most other groups of microorganisms, which may be present in natural habitats, and many synthetic compounds may be growth substrates for actinomycetes. Inclusion of these carbon sources in a nutritional screening may be the only way. to reveal the nutritional potentiality of the group.
In Table 1 we have named the strains included in the present study according to the designation given to them at the source of origin. The nomenclatural state of several of these strains is at present rather inadequate, and some comments on this point will not be out of place here. The species S. coelicolor and S. uioluceoruber can be differentiated by using the criteria discussed by Kutzner and Waksman (6). The most useful characters appear to be the morphology and color of the spore mass, the properties of the pigments produced, and the utilization of Lrhamnose, m-inositol, and raffinose as carbon INT. J. SYST. BACTERIOL. sources for growth. An analysis of some of these basic properties for various strains used in our work is given in Table 3 , which also includes the information on S. lividans, a name considered to be a synonym of S. violaceoruber. According to data published in the literature, S. violaceoruber can be distinguished by the formation of chains of spores with the shape of spirals, by the gray color of the spore mass, and by the utilization of the three carbon sources L-rhamnose, minositol, and raffinose. Instead, S. coelicolor does not form spirals, produces a spore mass of yellowish color, and does not use any of the three carbon sources. As seen in Table 3 , the diagnoses of strains b, e, h, and i is clear-cut. Strains c, d, and n form spirals and gray spore masses but are unable to use raffinose, although perhaps this trisaccharide may be used at higher concentrations than the one used in our experiments. Finally, strains f and g have the S. coelicolor morphology and pigmentation, but they appear atypical in the capacity of utilization of L-rhamnose and m-inositol.
If we accept the designation of these strains as presented in the last column of Table 3 , some interesting correlations in nutritional properties are worth discussing. Propylene glycol is a substrate not used by any of the three strains of s.
coelicolor, and it is used by all the S. violaceoruber strains. The S. coelicolor strains e and g differ from strain f and from all the S. violaceoruber strains in being able to use glucosamine but lacking the capacity of growth on lactobionate, p-hydroxybenzoate, and spermine. The behavior of strain f, which was received under the designation S. coelicolor subsp. flavus, is rather atypical. In addition to the above differences, it also differs from the other two S. coelicolor strains in the utilization of 2-ketogluconate, butyrate, pimelate, D-malate, lactate, glycerate, isopropanol, D-alanine, L-leucine, L-citrulline, Ltryptophan, and hippurate (Table 2 ). These substrates, however, do not have diagnostic importance for the differentiation of S. coelicolor and S. violaceoruber.
D-Arabinose, L-fucose, sucrose, and quinate are substrates used by the four strains of Nocardia mediterranei and by relatively few of the Streptomyces strains. Strains of S. rimosus are the only ones in the collection that can grow with m-tartrate, erythritol, xylitol, and adonitol. Outside of these exceptional situations, however, no nutritional pattern can be drawn for a clearcut separation of the species. Characters of probable taxonomic significance for the differentiation of at least two species are presented in Table 4 . Nevertheless, we want to emphasize that our study has been restricted to the examination of relatively few strains that are familiar to geneticists, and therefore it would be pretentious to draw taxonomic conclusions from the results. Without a better knowledge of the intraspecific variability, our data are of limited value for a definition of the nutritional phenotypes of the species involved.
